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Abstract 

A new quaternary intermetallic borocarbide TmCc^E^C has been synthesized via a rapid-quench 
of an arc-melted ingot. Elemental and powder-diffraction analyses established its correct stoi- 
chiometry and single-phase character. The crystal structure is isomorphous to that of TmN^E^C 
(IA/mmm) and is stable over the studied temperature range. Above 7 K, the paramagnetic state 
follows the modified Curie- Weiss behavior (% = C/(T—d)+xo) wherein xo=0-008(l) emu/mole and 
the temperature-dependent term reflecting the paramagnetism of the Tm subsystem: // e g- =7.6(2) 
//B [in agreement with the expected value for a free Tm 3+ ion] and 9 = -4.5(3) K. Long range fer- 
romagnetic order of the Tm sublattice is observed to develop around ~1 K. No superconductivity 
is detected in TULC02B2C down to 20 mK, a feature which is consistent with the general trend 
in the RC02B2C series. Finally, the influence of the rapid-quench process on the magnetism (and 
superconductivity) of TmN^E^C will be discussed and compared to that of TmCo2B2C. 

PACS numbers: 74.70.Dd ,75.50.-y, 81.40.Rs 
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I. INTRODUCTION 



The magnetic ordering temperature of a Tm 3+ sublattice in a thulium-based intermetallic 
compound is, in general, lower than that of its isomorphous heavy rare-earth-based coun- 
terparts of the same series.^ One usually attributes such a lowering to a smaller de Gennes 
factor, (g — l) 2 J( J + 1), assuming that parameters such as electronic structure are not modi- 
fied across the isomorphous series. On the other hand, for Tm-based compounds that belong 
to a family of different series, electronic properties (such as the position of the Fermi level 
within the density of states curve, the derivative of the density of states, spin fluctuations, ... 
etc.) do change and such a change can modify significantly the type, character, and critical 
point of the magnetic order. Such features are well documented in, say, the RM2 family 
(R = magnetic rare earth, M = 3d transition metal) j^MiS for the TmM 2 compounds, the 
critical temperature of each member depends critically on the type of M but, nevertheless 
for each RM 2 series, it is always lower than that of the corresponding heavy i?-isomorphs. 

Another illustration which is of relevance to this work is the case of the heavier members 
of the borocarbide family i?M 2 B 2 C For the i?Ni 2 B 2 C series, the Neel temperatures (T/v) 
scale reasonably well with the de Gennes factor;-^ moreover, both T/v (1.5 K) and the de 
Gennes factor (1.17) of TmNi 2 B 2 C are the lowest. In contrast, the critical points Tc of 
the isomorphous series -RC02B2C do not show this scaling. Furthermore, Tq of TmCo2B 2 C 
has not, so far, been reported, though based on an extrapolation of Tc within the phase 
diagram of i?Co 2 B 2 C (Tc versus the de-Gennes factor), it is expected to be 2 K.- But this 
would contradict the observed trend that Tc 's of the heavier members of _RCo 2 B 2 C are 
not higher than those of the corresponding i?Ni 2 B 2 C. This question has not been addressed 
before due to the difficulties in the synthesis and stabilization of a single-phase TmCo 2 B 2 C 
compound. This work reports on the successful preparation as well as the structural and 
physical characterization of single-phase TmCo 2 B 2 C samples. The obtained results confirm 
that indeed its Tc is not higher than that of TmNi 2 B 2 C. 

Two findings are of special interest to the understanding of the superconductivity, mag- 
netism, and their interplay in the borocarbide family: First, no sign of superconductiv- 
ity is observed down to 20 mK; such a result, together with the nonsuperconductivity of 
YCo 2 B 2 C,-»i£ indicate that the quench of the superconductivity in i?Co 2 B 2 C is related to 
the unfavorable spin fluctuation process (for the particular case of TmCo 2 B2C, there is, in 
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addition, the pair-braking ferromagnetic, FM, order). Secondly, the long-range order of the 
localized 4/ moments of TmCo 2 B 2 C does not appear to be a spin density wave as in the 
case of TmN^E^C; rather, we argue that a FM state is consistent with the results of the 
magnetization, specific heat, and neutron diffraction. These findings will be demonstrated 
and discussed in § III. Before that we describe, in § II, the synthesis process and show how 
the stoichiometry and the single-phase character of the rapid-quenched (rq) TH1C02B2C and 
TmNi 2 B 2 C samples were verified. An evaluation of the influence of the rate of the rq process 
on the studied physical properties of TH1C02B2C (§ II) together with a detailed comparison 
of the properties of a normal-prepared, non-quenched (nq) TmNi2B2C with those of a rq 
TmNi2B2C (§ II) would allow us to extract the dominant influences of this rq process. 

II. EXPERIMENT 
A. r<?-TmCo 2 B 2 C 

A starting sample with a stoichiometry of TmCo2B 2 C was prepared by a conventional arc- 
melt procedure under a highly pure (99.999%) argon atmosphere. The obtained product, 
when tested with X-ray diffraction, showed a multi-phase pattern. This same product, 
shaped into balls with diameters around 3-5 mm, was remelted and directly rapid-quenched 
by hitting it with a copper hammer.™ The final product is a single-phase TH1C02B2C in the 
form of thin flakes (50 ~ 100 fim thickness). Once obtained, the sample is stable in air and 
does not need special care during the handling or storing process, at least within an interval 
of months. 

In contrast to the i?Ni2B2C series^ 1 ^ or even to other .RC02B2C members,- the rq process 
is essential for the synthesis of TmCo2B2C. Fig. [1] shows the diffractograms of two samples 
of TULC02B2C prepared with different quenching rates (the one with a faster quench rate 
is enriched with n B). These diffractograms together with results from various measuring 
techniques reveal that the rq process drastically diminishes the amount of impurity phases 
and as such leads to noticeable changes in the physical properties (see below, in particular 
Fig. HI). All measurements reported below were carried out on the same as-prepared, rapid- 
quenched, 11 B-enriched batch: conventional annealing (often followed for the borocarbides 
samples) leads to a surge of additional contaminations. 
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TABLE I: The molar ratios of the B-enriched, rapid-quenched TmCo2B2C and TmNi2B2C sam- 
ples. The calculations are based on the weight percentage data (normalized to the Tm content) and 
using the following atomic weights: Tm=168.93421(3), Co=58.93320(l), Ni=58.6934, n B=10.995 
(99.5% enriched from Eagle Pitcher Ind. Inc.), B =10.811(5), and C =12.011(1). The room- 
temperature cell parameters of TmCo2B2C, as obtained from XRD analysis (see Fig. [T]), are a= 
3.473(l)A,c= 10.647(4)A. For TmNi 2 B 2 C, see Table II. 

compound ratio Tm Co Ni B C 

TmCo 2 B 2 C % 52.2(1) 36.3(1) - 6.69(1) 3.81(1) 

molar 1 1.993(5) - 1.97(3) 1.03(3) 

TmNi 2 B 2 C % 52.8(1) - 36.0(1) 6.39(1) 3.77(1) 

molar 1 - 1.962(6) 1.86(3) 1.00(3) 

The elemental analysis of both rg-TmCo2B2C and rg-TmN^E^C is shown in TableHl The 
content of Tm, Co, and B were determined by the Induction Coupled Plasma analysis while 
that of C by the process of carbon combustion followed by Infrared absorption analysis. 
Table [I] shows also the cell parameters as obtained from room-temperature X-ray diffraction 
analysis [Fig. [T] (b)]. As can be verified, these results (in particular that of B and C) do 
confirm the correct stoichiometry of the TmCo2B2C samples. 

The crystal structure was studied by X-ray diffraction (room-temperature) and neutron 
diffraction (0.36 < T < 30 K). Physical characterizations were carried out with the following 
techniques: magnetization [M(T,H), 0.5 < T < 30 K, H< 150 kOe], dc susceptibility 
[Xdc{T) = M/H, 0.5 < T < 300 K, H <10 kOe], ac susceptibility [Xac{T), 0.02 < T < 
20 K, /=200 ~1000 Hz, h ac < 10 Oe], and specific heat [C(T), semi-adiabatic, 0.1 < T < 
15 K]. Neutron-diffraction was carried out at two different sites: (i) the Institut Laue- 
Langevin (ILL, Grenoble, France) using the D2B diffractometer (3 < T < 30 K) with a 
wavelength of A =1.595 A, and (ii) the National Institute of Standards and Technology 
(NIST, Gaithersburg, USA) using the high-resolution powder diffractometer (A =2.0787 A, 
T=0.36 K) and the BT-9 triple-axis instrument with a pyrolytic graphite monochromator 
and filter (A =2.359 A, 0.48 < T < 4.5 K). Data were also collected on the new BT-7 
triple axis spectrometer using the position sensitive detector in diffraction mode. For these 
neutron measurements a sample weighing 0.66 grams was used. 
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FIG. 1: (Color online) Room temperature X-ray diffractograms (Cu K a ) of (a) slow-quenched and 
(b) rapid-quenched TmCo2B2C. Rietveld analysis (solid lines) shows that the lattice parameters 
are hardly affected by the variation of the quench rate. Nevertheless, the impurity content are 
noticeably suppressed. On comparison with the neutron diffractograms (see later), allowance should 
be made for the difference in the /-factors. 



B. rq-TmNi 2 B 2 C 

Intended as a helpful guide in the evaluation of how much the properties of TmCo2E>2C 
are being influenced by the rq process, we investigated also the physical properties of a rq 
TmNi2B2C sample and compare its results with those of the reported nq TmN^E^C sample. 
It is recalled that a nq TmN^E^C sample shows typical second-order- type superconducting 
and magnetic phase transitions occurring, respectively, at T c =11 K and Tjv =1.5 K.— ^ 
We synthesized a rq TmNi 2 B 2 C via an identical preparation procedure as the one used for 
TmC^E^C; the resulting sample has been studied by room-temperature XRD, specific heat, 
and magnetization measurements. The cell parameters and the paramagnetic CW behavior 
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TABLE II: Comparison between the room-temperature cell parameters (a, c), the z parameter 
indicating the position of the B atom (the positions of the other atoms are fixed by symmetry), 
and the paramagnetic Curie- Weiss parameters (figures not shown) of the rapid-quenched and non- 
quenched sample of TmNi 2 B 2 C. For the non-quenched sample, the cell parameters are taken from 
Lynn et alfi while the CW parameters are from Cho et alJ^ 

TmNi 2 B 2 C a (A) c (A) z PeffM 6>(K) 

rapid-quenched 3.4857(9) 10.5609(27) 0.3519 7.6(1) -7.5(2) 
non-quenched 3.4866(2) 10.5860(5) 0.3598(2) 7.54(2) -11.6(4) 

(see Table HI]) reflect slight modifications which may be related to the rq process and a 
slight depletion in B content. It is noted that the rq process does not induce any noticeable 
moment on the Ni-sublattice. 

Figure [5] shows that both the magnetic and superconducting order of TmNi 2 B 2 C do sur- 
vive the rq process (only that T N and T c are lowered to 1.2 K and 10 K, respectively) sug- 
gesting that the intrinsic forces that govern these cooperative phenomena are much stronger 
than the quench-induced disordering effects. Nevertheless, the rq process has modified sub- 
stantially the structure of the curves within the transition region: the width of the supercon- 
ducting phase transition [Fig. [21(a)] is substantially increased while the height (width) of the 
magnetic phase transition is strongly reduced (increased) to the extent that the magnetic 
transition is manifested as a weak, broadened event; the A- type magnetic transition of the 
nq sample is being transformed by the rq process into an almost featureless event; in this 
case the phase change, in contrast to the nq case, is evidenced in the features of the first- 
order derivative: thus the rq process may modify the character and type of the magnetic 
phase transition. As we observed no hysteresis effects, the assignment of a first-order char- 
acter to this phase transition is not unambiguous. At any rate, it can be safely concluded 
that the superconducting (and to some extent the magnetic) features of both the rq- and 
ng-TmNi 2 B 2 C, except for the region neighboring the critical temperature, are practically 
similar. It is then concluded that the tetragonal TmNi 2 B 2 C structure, in sharp contrast 
with TmCo 2 B 2 C, is a low-temperature phase. Nevertheless, the observation that both iso- 
morphs have almost the same structural-chemical properties suggests that the overall effect 
of the rq process on the physical properties of TmCo 2 B 2 C would not differ much from the 
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FIG. 2: (a) Low-temperature, low-field ac (xac) and dc (xdc) susceptibilities of TmNi 2 B 2 C. Xac 
(H ac = 1 Oe, f = 500 Hz) is measured on rq sample while Xdc (Hdc = 10 Oe) is measured by Cho 
et ai— on nq sample, (b) The total specific heats of rq and nq TmNi 2 B 2 C samples. The later is 
taken from Movshovich et a/. 15 Note the large broadening of the superconducting and magnetic 
transitions of the rq samples. 



trend observed in TmNi 2 B 2 C; in particular as that the rq process did not modify drastically 
the the intrinsic physical properties of TmNi 2 B 2 C, then both features of TmCo 2 B 2 C (the 
nonsuper conductivity and the FM mode, see below) are considered to be intrinsic properties 
that are not strongly influenced by the rq process. 

III. RESULTS AND DISCUSSION 

The analysis of the powder diffractograms (Fig. [3] and Table IHip indicates that 
TmCo2B 2 C crystallizes in the tetragonal LuNi 2 B 2 C-type structure which, within the experi- 
mental accuracy, is stable over the range 0.36 <T< 300K. In comparison with isomorphous 
TmNi 2 B 2 C, the introduction of Co reduces the a-parameter and elongates the c-axis length 
but it induces no drastic shift in the B z-parameter (no particular significance is attributed 
to the observation that the ^-parameters of both rq samples are 2% different from the nq 
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TmNi 2 B 2 C). It is reassuring that the obtained cell parameters, when plotted together with 
those of the other .RCo 2 B 2 C compounds, evolve linearly with the effective metallic radius of 
the R atom (see Fig. 2 of Ref. 9). 
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FIG. 3: Neutron powder diffractograms of TmCo 2 B 2 C, measured on D2B (ILL) diffractometer at 
(a) 3 K, and (b) 30 K. Note the very weak impurity lines at sin((9)/A=0.217, 0.234, and 0.251 A" 1 
(see Fig. [Tj) The intensity of the strongest impurity line relative to that of the main phase amounts 
only to 4%. 

A. Magnetic susceptibilities (ac and dc) 

Thermal evolution of the isofield dc susceptibilities of the rq TmCo 2 B 2 C, Xdc = M/H 
(Fig. H]), follows faithfully, down to 7 K, the modified Curie- Weiss (CW) behavior Xdc{T) = 
C/(T — 6) + xo, wherein fi e ff =7.6(2) fi B , 9 = -4.5(3) K, and the temperature-independent 
paramagnetic (TIP) contribution xo =0.008(1) emu/mole. Similar high-temperature, mod- 
ified CW paramagnetism is also manifested in the zero-field Xac{T >7 K) = dM/dH curve 
(Fig. [5]). Xdc(T) of a slow-quenched (sq) TmCo 2 B 2 C (shown also in Fig. Hj) is higher in 
value and is not well described by the modified CW law. Based on the structural analysis, 
the difference among these two curves is related to the content of the contamination which, 
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TABLE III: Cell parameters (o, c) and the B-atom z-parameter of TmCo2B2C at selected tem- 
peratures. The experimental diffractograms and the theoretically calculated patterns are shown in 
Figs. [3] and EE In the Rietveld analysis of the diffractograms, the thermal parameters were found 
to be the same as those of TmNi2B2C given in Lynn et al.— while the occupation parameters gave 
similar values as the ones obtained from elemental analysis (see Table I) 

T (K) a (A) c (A) z 

30 3.4684(2) 10.6411(6) 0.3597(2) 

3 3.4681(2) 10.6413(7) 0.3596(2) 

0.36 3.4689(2) 10.6438(9) 0.3587(3) 

in turn, is governed by the speed of the quenching rate (see Fig. []]): a faster rate leads to a 
reduction in contamination and, consequently, to a lowering in the magnetic susceptibility, 
in particular xo- It is expected that on the limit of a faster quench, there would be no im- 
purity's contribution and Xo would be much smaller but nonvanishing since Xo of YC02B2C 
is nonzero.— Such a limit Xo ma y be due to a van Vleck-type contribution or an exchange- 
enhanced Pauli susceptibility. The admixture of high-lying orbitals into the ground state of 
the Tm 3+ ion can be ruled out since no such effect is observed in TmN^E^C [Ref. 14] (not 
even in the rg-samples, see Table HI])- But such TIP is common in the cubic Laves -RC02 
phases 2 '- wherein xo ~0.004 emu/mole. Though the above arguments as well as the similar 
argument on YCo 2 B 2 C [Ref. 16] suggest that such an additional Xo ma Y be related to the 
modification in the electronic structure of the 3d subband (as a result of the introduction 
of the Co atoms), however a final statement on this Xo should wait for a further analysis. 

As the temperature is lowered towards and below the liquid helium point, both Xdc{T) 
(Fig. HJ) and Xac(T) (Fig. [5]) manifest a rapid increase, going through a peak, and afterwards 
dropping weakly downwards. Considering that Xac{T) has an accentuated peak with a 
maximum at 0.8(1) K and that at this point Xdc{T, 10 kOe) starts to decrease, such a point 
is taken to indicate a magnetic phase transition (see below). 
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FIG. 4: Temperature-dependent \dc = M/H curves at H=10 kOe of TmCc^E^C. The temperature 
axis is logarithmic so as to emphasize the low-temperature part. The influence of the rate of the 
quenching process is demonstrated by comparison with a slow-quenched sample (see Fig. [JJ. 
The reciprocal Xdc (right ordinate, logarithmic) for the rq sample (represented by circles) is well 
described by the modified CW behavior which is shown as solid lines (see text). 



B. Magnetization 

Magnetization isotherms (Fig. [6]) show that even for a field of 150 kOe, the magnetic 
moment per unit formula reaches only 4.5±0.2 (T=0.65 K) which is 65% of the value 
expected for a free Tm 3+ ion. Such a high-field susceptibility is attributed to the magnetic 
response of the Co subsystem. The total moment saturation is estimated from the extrap- 
olation lim M(H): the saturated moment (upper- left inset of Fig. [6]) increases smoothly 

1 1 H — *0 

as the temperature is decreased. On the other hand, the M versus H/T curves (lower- right 
inset of Fig. [6]) reveal that the isotherms at 1.4 and 2.5 K almost collapse on each other but 
that of 0.65 K is distinctly different. This observation supports our earlier arguments that 
TH1C02B2C orders magnetically with an onset point lower than 1.4 K: within the paramag- 
netic state, all M(H/T) curves follow the same Brillouin function and as such collapse on 
each other while below Tc, the rapid development of the ordered moment ensures that each 
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FIG. 5: (Color online) Thermal evolution of the zero-field Xac(T) = dM/dH of the rq TmCo2B2C. 
The solid line represents a fit to the same modified CW relation as in Fig. 3. The stars represent 
(Mj 'H)h->q extrapolated from the Arrott 's plots which are shown in the inset: the agreement indi- 
cates that the influence of the magnetic impurities within this range of temperatures is negligible. 

of the M(H/T) isotherms is distinctly different from one another and, in particular, from 
all paramagnetic isotherms. 

Chang et al} 1 observed that the moment of TH1N12B2C increases as the temperature 
decreases; namely /i(1.2 K) =3.74 /i B and /i(50 mK) = 4.8 Comparing these features 
with those of Fig. El it is inferred that the magnitude and thermal evolution of the moments 
of both isotherms are similar which suggests a similarity in the low-lying CEF level scheme. 
As such it is expected that the orientation of the Tm moment to be along the c axis just as 
observed in TmN^B^C. The observed difference in the Tm 3+ moment strength of the two 
isomorphs may be due to a slight variation in the CEF effects. Rapid-quench influence on the 
site-occupation may lead to a reduction or even a complete collapse of the Tm moment (just 
as argued by Mulder et a/.— >^ to explain the reduction of the Tm moment in TmNi 2 B 2 C). 

The low-field part of the M(H, 0.65 K) curve of Fig. [U] does not manifest those char- 
acteristic features (such as convex curvature at a spin flop event) which can be taken as 
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FIG. 6: (Color online) Magnetization isotherms M(H) of TmCo2B2C at different temperatures 
The lower-right inset shows M versus H/T curves while the upper-left inset shows the saturated 
moment obtained from lim M{H). The lines are a guide to the eye (see text). 



indicative of an AFM ground state; instead it shows a monotonic and steep increase which 
is typical of a forced magnetization of a FM-like state. It is not uncommon in the magnetism 
of the intermetallics that the character of the magnetic ground state is different from the 
one suggested by the sign of the Curie- Weiss temperature. 

C. Specific Heat 

The zero-field C(T) curve of TmCo2B 2 C is shown in Fig. [7J The low-temperature part of 
the total C(T) is largely due to the magnetic contribution, Cm(T), which is obtained after 
subtracting the contributions due to both the diamagnetic reference (YC02B2C, Ref.9) and 
the nuclear interaction (Cat ~ 3.5T -2 mJ/mole K). It is interesting to note that the associ- 
ated hyperfine interaction (and the electronic magnetic moment) is much smaller than that 
of Tm-metal (Cjv ~ 26. 8T~ 2 mJ/mole K),— but closer, as expected, to that of TmN^E^C 
(C N « 4.8T~ 2 mJ/mole K).^ 



13 



0.1 



FIG. 7: (Color online) The specific heat curve (triangles) of TmC^E^C. For comparison, we 
include the specific heat of YC02B2C [stars, Ref. 16], the non-quenched TmN^I^C (dashed 
line, Ref. 15), the rapid-quench TmN^E^C (cross, Fig.l), and (only the nuclear contribution 
of ) the Tm-metal (dotted line, Ref. 20). The magnetic contribution (circles) and the empirical 
function Cm(T)=1.7T± J/moleK (thick solid line) are also indicated (see text). The inset shows an 
expansion of the low-temperature tail of the total specific heat of TULC02B2C (triangles) together 
with C to t= C e p(YCo 2 B 2 C)+0.035T- 2 +1.7T3 J/molK (solid line). 

r=ii— 1 - _ "7 

Figures [THE] show that Cm{T < 0.8 K) =1.7T4 J/mole K; above 0.8 K it turns slowly into a 
plateaux which extends up to 5 K; above this temperature it resumes the monotonic increase 
but with a slower rate. This power- type thermal evolution of Cm{T) (with an exponent 
being close to |) is consistent with what one would expect from a magnon contribution of 
a FM ordered state wherein the dispersion relation is quadratic and the anisotropic field is 
vanishingly small.— ^ 

The magnetic entropy (Fig. \8§ evolves as Sm{T < 0.8 K)=0.85T3 J/mole K, increases 
steadily for T >0.8 K, and approximates the doublet- value i?ln(2) only above 8 K. As 
all contributions from the Co subsystem has already been subtracted, then this entropy 
contribution must be due solely to the Tm subsystem and as such the lowest-lying two 
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FIG. 8: The magnetic contribution to the specific heat (circles) and magnetic entropy (triangles) 
of TULC02B2C. The expected entropy for a doublet is shown as a horizontal arrow. The inset 
shows, on an expanded scale, the experimental curves together with their low-temperature fits: 
C m (T)=1.7tI J/moleK (solid line) and S m {T)=0.85tI J/moleK (dashed line). 

levels of Tm 3+ are separated from the highest ones by an energy gap which must be much 
higher than 8 K: indeed inelastic neutron scattering on the isomorphous TmNi 2 B 2 C showed 
that the doublet ground-state is separated from the first excited-state by 30 K.— i2ii2£i2& We 
have carried out preliminary inelastic neutron measurements on BT-7 to search for crystal 
field excitations in TmC^E^C. We did not find any sharp excitations up to an energy 
transfer of 20 meV, but we did observe at 4.0 K a distribution of scattering (not shown) 
that appeared quasi-elastic, with the energy resolution of 1.0 meV employed. The wave 
vector and temperature dependence of this scattering indicated that it was magnetic in 
origin, and fitting with a Lorentzian distribution gave a half width T= 3.9(4) meV. Further 
studies are underway. 

As seen in Fig. E](b), the C(T) curve of the rq TmN^E^C manifests the magnetic phase 
transition as a broadened and weak magnetic event. Along the same line of reasoning, the 
shoulder-like region in Figs. [THE] is considered to be the region within which the magnetic 
phase transition of TmCo2B 2 C sets-in (see the last comment in § II. B). Then the critical 
temperature is taken to be the point of the maximum slope which is found to be 0.8 K, in 
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FIG. 9: Neutron-diffractograms of TmCo2B2C, measured at (a) NIST high resolution diffractome- 
ter, A=2.0787 A, and (b, c) NIST triple axis diffractometer A=2.359 A. The small vertical arrow 
indicates an impurity peak (see Figs. [Hand [3]). A noticeable increase in the low angle intensities 
can be observed in lower panel but not in the upper panels: this suggests that this broadening is 
instrument-dependent and not due to a small angle scattering arising from magnetic or structural 
disorder induced by the rapid quench process. 



excellent agreement with the considerations of Figs. HB 



D. Neutron diffraction 



The high-resolution neutron diffractograms (Fig. [HD have been measured on BT-1 down 
to 0.36 K using a He3 cryostat and for as low angle as possible. Within the measured temper- 
ature range and experimental accuracy, no additional Bragg peaks that might be associated 
with magnetic order are observed. We therefore carried out diffraction measurements us- 
ing the high-intensity/coarse resolution thermal triple axis instruments BT-9 and BT-7 to 
search for magnetic order. Within the angular range up to 65 degrees in scattering angle, the 
only significant change in intensity was observed for the (101) Bragg peak, as shown by the 
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FIG. 10: (a) The difference pattern of the (101) peak obtained after subtracting the intensities 
measured at 4.0 K from those measured at 0.45 K. The line is a Gaussian fit to the experimental 
points (the residual graph represents the difference between the fit and the data), (b) Thermal 
evolution of the intensity of the (101) Bragg peak. Each point represents a measurement of the 
peak using a single setting of the Position Sensitive Detector on BT-7. The solid curve is a fit 
to mean field theory; this gives a critical temperature of 1.54(8) K. Error bars in this figure are 
statistical and represent one standard deviation. 



difference plot in Fig. [TU] (a). The temperature dependence of the intensity of this peak is 
shown in Fig. [10] (b), and the increase at lower temperatures indicates that magnetic order 
has developed. The solid curve is a fit of mean field theory to the data, which indicates that 
the magnetic ordering temperature is 1.54 K; this critical point (though determined from 
mean field analysis which is not well suited for such a determination) is nearly twice the 
value estimated from the susceptibility (Fig. E]) and the specific heat (Fig. [7]). Considering 
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that the rq process is observed to induce a drastic broadening in the transition region (see 
Fig. [2]), then it is most probable that the difference in the values of the transition point is 
due to the fact these techniques are differing in their frequency window. 

The observation of a magnetic contribution at the (101) peak suggests that the magnetic 
wave vector is (000). It is emphasized that the weak impurities do not influence this analysis 
since we used the subtraction method (see Fig. [TU1) . Below we argue that the only magnetic 
structure which is compatible with this (000) wave vector is the FM state. Such a conclusion 
is consistent with the above mentioned arguments about the forced magnetization (Fig. [U]) 
and the magnon contribution of the specific heat (Fig. [7]). As the crystal structure is body 
centered tetragonal (no orthorhombic distortion is expected since magnetostriction effects 
are weak) with only one Tm atom per primitive cell, then no order of the Tm sublattice can 
be antiferromagnetic. However, there are two Co atoms per primitive cell and as such an 
AFM order may develop but this should be discarded since there are no magnetic moments 
on the Co sublattice (see above). Thus it is concluded that this magnetic order must be due 
to the FM order of the Tm sublattice: it is recalled that both the saturated and effective 
moments are in excellent agreement with those found for TH1N12B2C. It is worth adding that 
our recent studies show that the manifestation of a FM state in TmCo2B 2 C is not unusual: 
a FM state is common among the magnetic .RC02B2C compounds (R—Dy, Ho, Er)2I and 
TbCo 2 B 2 C. 28 

On comparing the obtained results of TULC02B2C with those of TmNi2B2C, it is evident 
that their magnetic ground state are different: the former manifests a colinear FM state 
while the later orders into a modulated spin density wave. This difference is attributed to 
the difference in the indirect exchange couplings which in turn is due to the difference in 
the electronic structures. It is recalled that there is a clear difference between the electronic 
structure of LuNi 2 B 2 C and LuCo2B 2 C.— On the other hand, the observation that their 
magnetic moments are similar is an indication that the CEF properties of the Tm 3+ ions 
have not been greatly modified by the rq process or by the interchange of the 3d atoms. 

TH1C02B2C shows no trace of superconductivity in the ac -susceptibility (down to 20 mK), 
the specific-heat (down to 100 mK), or the preliminary resistivity curves measured down 
to 20 mK (not shown). It is recalled that none of the reported members of the -RC02B2C 
series is a superconductor,- not even YC02B2C in spite of having a Sommerfeld constant and 
Debye temperature that are almost equal to those of superconducting YNi 2 B 2 C; YC02B2C 
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manifests spin fluctuation features,— a property assumed to be unfavorable to the onset of 
the superconductivity. These spin fluctuation (associated with the Co sublattice) together 
with the presence of the FM state (associated with the Tm sublattice) are detrimental to 
the presence of the superconductivity in TH1C02B2C. 

IV. CONCLUSION 

A single-phase TULC02B2C has been successfully stabilized via the rapid-quench process. 
Its crystal structure is isomorphous to that of the body-centered tetragonal TmN^E^C. 
The paramagnetic properties are characterized by a modified CW behavior while the low- 
temperature features are dominated by an ordering of Tm 3+ moments. Based on the char- 
acter of the low-temperature magnon contribution to the specific heat, the characteristic 
feature of the low-temperature forced magnetization, and the analysis of the magnetic con- 
tribution to the neutron diffractograms, it is inferred that the magnetic order of the Tm 
sublattice is FM. At 0.65 K and under an applied magnetic field of 150 kOe, the Tm 3+ 
moment is observed to reach 4.5±0.2 /^b; though only 65% of the value expected for a free 
Tm 3+ ion, this value is only 6% lower than the moment of TmNi 2 B 2 C: it is concluded then 
that the CEF effects in both isomorphs are similar. Finally, no superconductivity is observed 
in TH1C02B2C down to 20 mK: a feature attributed to the presence of the spin fluctuation 
in the Co subsystem and the FM ordering of the Tm sublattice.. 
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